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ΔcrhR mutantWe investigated the role of a cold-inducible and redox-regulated RNA helicase, CrhR, in the energy redistribution
and adjustment of stoichiometry between photosystem I (PSI) and photosystem II (PSII), at low temperature in
Synechocystis sp. PCC 6803. The results suggest that during low temperature incubation, i.e., when cells are
shifted from34 °C to 24 °C,wild type cells exhibited light-induced state transitions,whereas themutant deﬁcient
in CrhR failed to perform the same. At low temperature, wild type cells maintained the plastoquinone (PQ) pool
in the reduced state due to enhanced respiratory electron ﬂow to the PQ pool, whereas inΔcrhRmutant cells the
PQ pool was in the oxidized state. Wild type cells were in state 2 and ΔcrhR cells were locked in state 1 at low
temperature. In bothwild type and ΔcrhR cells, a fraction of PSI trimers were changed to PSI monomers. Howev-
er, inΔcrhR cells, the PSI trimer content was signiﬁcantly decreased. Expression of photosystem I genes, especial-
ly the psaA and psaB, was strongly down-regulated due to oxidation of downstream components of PQ in ΔcrhR
cells at low temperature. We demonstrated that changes in the low temperature-induced energy redistribution
and regulation of photosystem stoichiometry are acclimatization responses exerted by Synechocystis cells, essen-
tially regulated by the RNA helicase, CrhR, at low temperature.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In oxygen-producing photosynthetic organisms, functional coor-
dination between photosystem II (PSII) and photosystem I (PSI) com-
plexes is regulated to achieve optimal performance. Such functional
coordination between the two photosystems is affected by dynamic
changes in the environmental conditions [1]. For instance, it has
been demonstrated that high light intensity, affects the structure
and function of photosystem II thereby leading to functional imbal-
ance between photosystems [2–4]. However, this imbalance in the
relative activities of PSII and PSI in response to dynamic changes in
the environment is overcome by employing various strategies [5,6].
For instance, one of the strategies, common to higher plants and cya-
nobacteria, employed for maintaining functional balance between the
photosystems is by a mechanism called state transitions [7] involving
distribution of absorbed light energy between photosystems [8–10].ne; PS, photosystem; WT, wild
ology, School of Life Sciences,
: +91 40 23134505; fax: +91
.
rights reserved.Under state 1, the captured excitation energy is directed largely to
PSII, but under state 2, most of the energy is redirected to PSI [11–13].
In cyanobacteria it has been demonstrated that the balanced distribu-
tion of excitation energy was mainly regulated by the mobility of
phycobilisomes [14,15]. Adjustment of PSI to PSII stoichiometry is yet
another mechanism by which functional coordination of photosystems
is achieved [16–18]. In cyanobacteria the trimeric form of PSI is relative-
ly more abundant as compared to monomeric form [19]. When an im-
balance occurs between the action of PSI and PSII, cells adjust the
stoichiometry between PSI and PSII in the thylakoid membrane, so as
to balance their actions [16]. Studies in higher plants have indicated
that energy redistribution between PSII and PSI, and changes in stoichi-
ometry of photosystems are regulated by the redox state of plastoqui-
none (PQ) pool [5,20]. At the molecular level, PQ pool exerts redox
regulatory control over transcription. PQ in the reduced state causes
an increase in the transcription of PSI reaction center genes whereas
PQ in the oxidized state causes a decrease in PSI, providing a compensa-
tory self-adjusting response in higher plants [21]. However, in cyano-
bacteria, PQ redox state is not involved in transcriptional regulation of
PSI reaction-center genes. It has been reported that the PSII-light acti-
vates and PSI-light represses the psaAB transcription in Synechocystis
[22]. Addition of glucose,which enhances the PQ reduction, also triggers
psaAB gene expression [23]. In addition, both inhibitors, DCMU and
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These observations suggest that the oxidation of downstream compo-
nents of PQ represses and reduction of the same upregulates the
psaAB gene expression. On the other hand, under high light conditions
PSI genes are largely down-regulated and this down-regulation is
suppressed by addition of either DCMU or DBMIB [24] showing that
the reduction of downstream components of PQ causes down-
regulation of PSI genes under high light conditions. Although themech-
anism of transcriptional regulation of PSI genes seems different under
different light conditions, the PQ redox is not the primary signal in
both cases. Unlike in higher plants, the signal for PSI gene expression
seems to reside at or after cytochrome b6f complex in cyanobacteria.
Strategiesmentioned above aremeant for regulating the functional bal-
ance and coordination between the photosystems in order to maintain
optimal photosynthetic performance and thereby acclimation to chan-
ged environmental condition in photosynthetic organisms.
In the cyanobacterium Synechocystis sp. PCC6803 (here after
Synechocystis) several genes, whose expression is upregulated upon
low temperature, have been identiﬁed [25,26]. It is very likely that
such genes are essential for survival at low temperature. The gene
crhR is one among the various low temperature-regulated genes in
Synechocystis [25–27]. The gene crhR, codes for CrhR that catalyzes
both ATP-dependent unwinding of secondary structures of RNA and
annealing of complementary RNA strands [28]. Thus it is suggested
that cold-regulated RNA helicase destabilizes the secondary structures
of mRNAs and thus allows cells to overcome the cold induced blockage
of translation that occurs at low temperature. In this study we report
for the ﬁrst time a cold-inducible and redox-regulated RNA helicase,
CrhR, which is essentially required for executing state transitions
and for the regulation of photosystem stoichiometry at low temper-
ature in the cyanobacterium Synechocystis. We show that the wild
type Synechocystis cells acclimatize to low temperature by energy re-
distribution (state transitions) and regulating the PSI and PSII stoichi-
ometry. In contrast the RNA helicase mutant failed to operate state
transitions and was unable to regulate the photosystem stoichiometry.
As a consequence RNA helicase mutant cells could not acclimatize to
low temperature.
2. Materials and methods
2.1. Strain and culture conditions
A strain of Synechocystis, which is tolerant to glucose [29], was
originally obtained from Dr. J. G. K. Williams (DuPont de Nemours).
Wild type cells were grown at 34 °C in BG-11 medium [30], buffered
with 20 mM HEPES-NaOH (pH 7.5), under continuous illumination
from incandescent lamps, as described previously [31]. ΔcrhRmutant
cells (see below), in which the crhR gene had been replaced by the
spectinomycin resistance gene (Spr) cassette in the genome, were
grown under the same conditions as described above with the excep-
tion that the culture medium contained spectinomycin at 25 μg mL−1
during the pre-cultures [26]. ΔcrhR mutant cells were then trans-
ferred to the above-mentioned BG11 medium, which did not contain
spectinomycin. For low temperature treatment, culture tubes were
shifted to a low temperature water bath maintained at 24 °C, supplied
with continuous illumination of 70 μmol photons m−2 s−1. Cell den-
sity was estimated by optical density at 730 nm (OD730) using a spec-
trophotometer (model UV-160A; Shimadzu). Synechocystis cultures
equivalent to 1.0 OD units at 730 nm contain 1.0×108 cells mL−1.
2.2. Absorption spectroscopy and determination of pigment content
Absorption spectra of whole cells in the visible range were recorded
with a spectrophotometer, UV-3000 (Shimadzu Inc., Japan). The cell
suspensions of the wild type and ΔcrhR mutant were adjusted to
equal OD at 730 nm, before taking measurement. All absorptionspectral measurements were taken at room temperature. Chlorophyll
and phycocyanin contents were determined spectrophotometrically
as reported previously [32].
2.3. Preparation of thylakoid membranes
Synechocystis cells were harvested in the mid-log growth phase
and pelleted by centrifugation at 5000 g for 10 min at 4 °C. Cells
were resuspended in 500 μL of 50 mM Tris–HCl, pH 8.0 buffer and
disrupted using 500 mg of 0.5 mm glass beads (acid washed, Sigma
Aldrich). The cells were disrupted by vortex mixing for 5 min on ice,
with 30 s intervals between each minute of vortex mixing. Glass
beads, unbroken cells, and cell debris were removed by centrifugation
for 5 min at 4 °C and 5000 g. The homogenate was transferred to a
new microfuge tube and subjected to centrifugation at 18,500 g for
40 min. The membrane pellet was resuspended in 100 μL of 50 mM
Tris–HCl, pH 8.0 containing 25% w/v glycerol.
2.4. Sucrose density gradient fraction of solubilized thylakoid membranes
For analysis of membrane protein complexes from Synechocystis
cells the membranes were always freshly prepared. Thylakoid mem-
branes were solubilized with 1% n-dodecyl-β-D-maltoside and the
protein complexes were separated in a 0.2 M to 1.0 M sucrose density
gradient as described in Rögner et al. [33]. Individual fractions of the
gradient were analyzed by 77 K ﬂuorescence spectroscopy.
2.5. 77 K ﬂuorescence spectroscopy
The ﬂuorescence emission spectra were recorded at 77 K using a
Perkin Elmer spectroﬂuorometer (model: LS55, USA). Fluorescence
emission spectra at 77 K were recorded with excitation and emission
band widths of 10 nm and 5 nm respectively. The excitation wave-
length used was 436 nm. The sucrose density fractions were frozen
rapidly by placing the samples in glass tubes (2-mm diameter) and
dipping them in liquid nitrogen before spectral measurement. Spectra
were corrected for the sensitivity of the photomultiplier and normal-
ized to the maximum of PSI emission around 650 nm.
2.6. Measurement of photosynthetic electron transport rate
Photosynthetic oxygen evolution was measured in 1 mL of cell
suspension (OD730 of ~1, about 5 μg mL−1 chlorophyll), using an ox-
ygen electrode (Oxygraph plus, Hansatech Instruments Ltd., Norfolk,
England). The cells were cultivated photoautotrophically under aera-
tion at 70 μmol photons m−2 s−1 light. PSII activity was determined
in the presence of 1.0 mM p-benzoquinone (PBQ). Photosynthetic ox-
ygen evolution was recorded at 1000 μmol photons m−2 s−1. Three
independent cultures of wild type and ΔcrhR cells were measured
three times. PSII activity was determined as a difference of net oxygen
evolution in light and oxygen consumption in the dark.
2.7. Measurements of chlorophyll a ﬂuorescence
We measured chlorophyll a ﬂuorescence of cell suspensions with
two different ﬂuorometers: a continuous excitation PEA ﬂuorometer
(PEA, Hansatech, King's Lynn, Norfolk, UK) and a modulated excita-
tion–emission ﬂuorometer (PAM; Heinz Walz, Effeltrich, Germany).
The PEA ﬂuorometer provides continuous excitation at 650 nm
(3000 μE m−2 s−1; Δλ=22 nm). It detects ﬂuorescence at wave-
lengths above 700 nm (50% transmission at 720 nm) and records it
continuously from 10 μs to 5 min. Fast and slow ﬂuorescence induc-
tion curves were recorded for Synechocystis wild type and ΔcrhRmu-
tant cells at 34 °C and also after incubation of cells at 24 °C for 72 h.
For measurement of post illumination transients and for monitoring
changes in the absorption cross section, a PAM ﬂuorometer was
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instrument operated in the fast kinetics mode. Actinic illumination
was provided by two arrays of 650 nm LEDs. State transition experi-
ments were performed using cultures according to established proto-
cols [34]. Preferential PSII excitation was provided by illumination
with red light at an intensity of 37 μmol photons m−2 s−1 provided
by a KL1500 lamp equipped with a 650 nm interference ﬁlter. Excita-
tion of PSI was achieved using far-red light from an LED light source
(Heinz Walz; 102-FR) applied for 2 min simultaneously with red
light. Periods of red, far-red and red light conditions were used alter-
nately in several cycles, and the Fm level in state 1 (Fm1) and state 2
(Fm2) was determined at the end of each cycle by the application of a
saturating light pulse (4000 μmol photons m−2 s−1). Reduction state
of the PQ pool was assessed following the post illumination transient
increase of chlorophyll ﬂuorescence at the FO′ level [35,36].
2.8. Northern blotting analysis
Total RNA was extracted from cells and Northern blotting analysis
was performed as described previously [37]. In experiments aimed at
examining the stability of transcripts, wild type and ΔcrhR cells were
incubated in the presence of an inhibitor of transcription, rifampicin,
at a ﬁnal concentration of 100 μg mL−1. At various times after addi-
tion of rifampicin to cultures, cells were harvested for extraction of
RNA and subsequent Northern blotting analysis. DNA fragment cor-
responding to the psaA gene and rnpB genes was conjugated with al-
kaline phosphatase (Alkphos Direct kit; Amersham Pharmacia Biotech)
and the resultant conjugates were used as probes. After hybridization,
blots were soaked in CDP-star solution (Amersham Pharmacia Biotech)
and signals from hybridized transcripts were detected with a lumines-
cence image analyzer (LAS-1000; Fuji-Photo Film, Tokyo, Japan).
2.9. DNA microarray data and cluster analysis
DNA microarrays of Synechocystis (CyanoCHIP ver. 1.6) were pur-
chased from TakaraBio Co. Ltd. (Otsu, Japan). DNA microarray analysis
was essentially performed as described in Prakash et al. [26]. Hierarchi-
cal clustering of the data was performed using the program Cluster 3.0
(available at http://rana.lbl.gov/EisenSoftware.htm) [38]. The averagedFig. 1.Mutation of the crhR gene distorted the growth of Synechocystis cells at low temperatu
16 h. (B) Wild type and ΔcrhRmutant cells, which had been grown at 34 °C for 16 h, were in
at 34 °C for 16 h, were incubated at 24 °C for 72 h. WT, wild type cells; ΔcrhR, ΔcrhR mutandata from all microarray analyses (http://www.genome.jp/kegg-bin/
get_htext?htext=Exp_DB&hier=1) of down-regulated genes with
cy5/cy3 ratio ≤0.3 were ﬁltered using Microsoft excel. Thus a total of
140 cold-repressible genes were further ﬁltered for genes coding for
thylakoid membrane proteins. The low temperature-repressible genes
coding for thylakoidmembrane proteins inwild type andΔcrhRmutant
were log-transformed with log base 2. The metric gene distance was
calculated as the Euclidean distance. In cluster analysis, complete link-
age clustering was used to organize the genes. The resulting clusters
have been visualized using the program TreeView 1.60 (available at
http://rana.lbl.gov/EisenSoftware.htm).
3. Results
3.1. Deletion of the crhR gene resulted in a pale green color phenotype
Synechocystis has a gene, slr0083 that codes for a cold-inducible
and redox-regulated RNA helicase, CrhR [39]. Upon incubation of
Synechocystis cells at low temperature, the crhR gene is transiently
upregulated and the resultant CrhR protein accumulates in the cyto-
sol [26]. A ΔcrhR mutant, in which the crhR gene was inactivated by
replacing the open reading frame, slr0083with aΩ-spectinomycin re-
sistant gene cassette, was used for elucidating its functional role in
Synechocystis [26]. Fig. 1 shows Synechocystis wild type and ΔcrhR
cells that were grown in tubes under continuous illumination of
70 μmol photons m−2 s−1 and aeration. At 34 °C, ΔcrhR mutant grew
at a similar rate as the wild type and both strains looked alike
(Fig. 1A). However, incubation of ΔcrhR cells at 24 °C for 48 h and
72 h resulted in a pale green color phenotype when compared to wild
type culture (Fig. 1B and C). The pale green color phenotype could be ei-
ther due to reduced growth rate and/or loss of pigment content in the
ΔcrhR mutant cells at low temperature, suggesting an important func-
tional role of CrhR during low temperature acclimation.
3.2. Impact of deletion of crhR gene on PSII activity and pigment contents
As ΔcrhR cells grown at 24 °C exhibited a pale green color pheno-
type we monitored the growth and pigment composition of the wild
type and ΔcrhR cells. At 34 °C, there was no difference in the growthre. (A) Wild type and ΔcrhRmutant cells were grown photoautotrophically at 34 °C for
cubated at 24 °C for 48 h. (C) Wild type and ΔcrhRmutant cells, which had been grown
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Fig. 2. Changes in the growth, photosystem II activity and pigment contents in
Synechocystis wild type and crhR depleted cells during incubation at 24 °C. At time 0,
cells grown at 34 °C for 16 h were transferred to 24 °C. Changes in OD730 (A), chlorophyll
content (B), phycocyanin content (C) and PSII activity (D). In (A), wild type cells (closed
circles) and ΔcrhR cells (open circles). In (B, C and D), wild type cells (gray bars) and
ΔcrhR cells (open bars). Oxygen evolution of Synechocystis wild type and ΔcrhR cells.
Mean values±SE were calculated from three independent experiments.
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er, after a shift of cells to 24 °C, growth of ΔcrhR cells was much
slower than that of wild type cells (Fig. 2A). In order to check whether
the pale green color phenotype of ΔcrhR cells at low temperature re-
ﬂects the loss of pigments, we further examined the effect of low tem-
perature on pigment content of the ΔcrhR cells in comparison with
wild type cells. From the results presented in Fig. 2B and C, wild
type cells at 24 °C showed a slight increase in the chlorophyll content
and decrease in phycocyanin content when compared to wild type
cells grown at 34 °C. In contrast, when compared to ΔcrhR cells
which were grown at 34 °C, the chlorophyll and phycocyanin con-
tents were not signiﬁcantly changed in ΔcrhR cells grown at 24 °C
(Fig. 2B and C). But ΔcrhR cells incubated at 24 °C contained relatively
lower chlorophyll and phycocyanin content, as compared to the wild
type cells. To further characterize the effect of the absence of CrhR we
measured the PSII activity. At 34 °C there was no signiﬁcant difference
in the PSII activity (from water to PBQ) between wild type and ΔcrhR
cells (Fig. 2D). However, a gradual increase in the PSII activity was
observed during incubation of wild type cells at 24 °C (Fig. 2D). This
is in agreement with previous studies on low temperature stress in
Synechococcus sp. PCC 7002, in which an increase in the photosyn-
thetic activity was reported due to incubation of cells at low temper-
ature [40]. In contrast, PSII activity of ΔcrhR cells was decreased upon
down-shift of temperature.
Absorption spectra of wild type cells and ΔcrhR cells were recorded
to further examine the observed changes in pigment protein complexes
at low temperature incubation. Both strains exhibited absorption peaks
corresponding to chlorophyll a at 683 nm and 443 nm, aswell as an ab-
sorption peak for phycocyanin at 628 nm. An increase in the absorption
of chlorophyll awas observed in the wild type cells, which were grown
at 34 °C for 16 h and then incubated at 24 °C for 72 h (here after WT-
24 °C cells) when compared to the wild type cells, which were grown
at 34 °C for 16 h (here after WT-34 °C cells). This observation is in
agreement with the increased level of chlorophyll content at low tem-
perature (Fig. 3A). ΔcrhR cells which were grown at 34 °C for 16 h and
then incubated at 24 °C for 72 h (here after ΔcrhR-24 °C cells) did not
exhibit any increase compared to ΔcrhR cells which were grown at
34 °C for 16 h (here after ΔcrhR-34 °C cells) (Fig. 3B).
3.3. ΔcrhR mutant cells failed to operate the low temperature-induced
redistribution of light energy
State transition is an adaptive mechanism that balances the distri-
bution of light energy absorbed by the phycobilisomes (PBS) between
PSI and PSII in cyanobacteria [10]. State transitions can be induced
through the presence or absence of PSI light (Far-red light) in the
presence of continuous PSII light (actinic light) [41,42]. Maximal ﬂuo-
rescence levels in different states (states 1 and 2 denoted as Fm1 and
Fm2, respectively) can be probed by saturating light pulses [42]. The
ﬂuorescence levels Fm1 and Fm2 provide information on changes in
the apparent PSII antenna cross section [43]. Results presented in
Fig. 4 show that the ΔcrhR mutant cells failed to exhibit state transi-
tions at low temperature. The Fm1 and Fm2 oscillations (with far-
red on and off respectively) were more pronounced in the WT-34 °C
cells, WT-24 °C cells and ΔcrhR-34 °C cells (Fig. 4A, B and C). On the
other hand, neither signiﬁcant transient changes nor changes in the
antenna cross section were induced by switching on/off far-red illu-
mination in the ΔcrhR mutant cells at low temperature (Fig. 4D).
This suggests that presence of CrhR is necessary for the energy redis-
tribution by phycobilisomes to the photosystems at low temperature.
Changes in the yield of chlorophyll ﬂuorescence can be related to
changes in PSII photochemistry. Cyanobacterial cells pre-illuminated
with strong red light (cells in state 1) exhibit a characteristic S to M
rise in the chlorophyll a ﬂuorescent transient [44]. Such a prominent
S to M rise is not seen in the dark adapted cyanobacterial cells (cells in
state 2). The S to M rise has been assigned mostly to an increasedphycobilisome (PBS) to PSII excitation transfer, which occurs when
cells are in state 1. Thus, S to M rise in a ﬂuorescence transient indi-
cates that the cyanobacterial cells are in state 1 condition [44].
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Fig. 3. Changes in absorption spectral properties of wild type and ΔcrhR cells at low
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sess the state of the wild type and ΔcrhR cells at low temperature.
As can be seen in Fig. 5, the S to M rise in the ﬂuorescence transient
of WT-34 °C cells, WT-24 °C cells and ΔcrhR-34 °C cells was not ob-
served, indicating that these cells were in state 2 (Fig. 5). In contrast,
ΔcrhR-24 °C cells exhibited a prominent S to M rise, indicating that
the ΔcrhR cells were locked in state 1 during low temperature incuba-
tion (Fig. 5). This suggests that CrhR is required for maintaining the
cells in state 2 at low temperature.
3.4. In ΔcrhR cells the PQ pool is in oxidized state at low temperature
The redox state of the PQ pool under low temperature condition
in the wild type and ΔcrhRmutant cells was monitored by measuring
FO′. The apparent rise in FO (chlorophyll ﬂuorescence increase) after a
light to dark transition was used as a measure of dark reduction of the
PQ pool by respiratory reductants and referred to as FO′ [36]. A tran-
sient rise in FO′ level over a period of 20 s after turning off the actinic
light was detected in wild type and ΔcrhR cells when grown at 34 °C
(Fig. 6A and C). Further, in WT-24 °C cells there was a signiﬁcant in-
crease in the FO′ level when compared to WT-34 °C cells, indicating
increased rate of reduction of plastoquinones in the pool at low tem-
perature in the wild type cells (Fig. 6B). Since photosynthetic and re-
spiratory electron transfer chains of cyanobacteria share common
redox components, such as PQ [45], it is generally accepted that thereduction of PQ pool in the dark could be due to the respiratory
electron ﬂow [8,46]. Low temperature-induced increase in FO′ may
be due to the change in the membrane ﬂuidity, thereby enhanced
transfer of electrons from respiratory reductants to PQ pool. In con-
trast, ΔcrhR-24 °C cells did not show FO′, suggesting that the electron
ﬂow from the respiratory chain to PQ pool was inefﬁcient (Fig. 6D).
Illumination with far-red background light, which preferentially ex-
cites PSI and thus drives oxidation of PQ pool, completely eliminates
the post illuminated increase of FO′. Illumination with far-red back-
ground light completely eliminated the post illuminated increase of
FO′ in both WT 34 °C-cells and ΔcrhR-34 °C cells (Fig. 6E and G). How-
ever, switching on the far-red light could not completely re-oxidize
the reduced PQ pool at 24 °C in wild type cells, indicating that the ma-
jority of plastoquinones in PQ pool are in a reduced state at 24 °C
(Fig. 6F). In order to know whether the low temperature-induced in-
crease of PQ pool reduction (FO′ rise) under darkness is due to respi-
ratory electron ﬂow, we blocked the respiration by addition of HgCl2
and measured the FO′ level. Hg2+ inhibits electron transfer from NDH
to plastoquinone [35,36]. Rise in FO′, which was observed when wild
type cells were incubated at 24 °C for 72 h, was not seen in the WT-
24 °C cells incubated with HgCl2, conﬁrming the dark-induced in-
crease of FO′ at 24 °C in the wild type is due to respiratory electron
ﬂow from NDH complex (data not shown). Taken together, the PQ
pool was maintained in a reduced state in WT-24 °C cells, whereas,
in ΔcrhR-24 °C cells the PQ pool was in an oxidized state.3.5. Expression of photosystem I reaction center genes is strongly
repressed at low temperature in ΔcrhR cells
We used DNA microarray analysis to investigate the changes in the
gene expression in the wild type and ΔcrhR cells incubated at 24 °C
for 20, 60, and 180 min comparedwith cells grown at 34 °Cwith special
reference to low temperature repressible genes coding for thylakoid
membrane proteins, especially genes coding for PSI and PSII proteins
(Fig. 7). We extracted a total of 140 low-temperature repressible
genes by ﬁltering all down-regulated genes using Microsoft Excel and
then submitted the same for cluster analysis. The data are graphically
displayed in colored boxes that represent the variation in transcript
abundance for each gene: shades of green represent decreases in
mRNA level (down-regulated genes) and red represent the increased
mRNA levels (up-regulated genes). Saturation of the color corresponds
to the magnitude of the differences (Fig. 7). This approach revealed
three clusters of genes each belonging to different functional categories
according to their behavior in response to low temperature conditions
as well as the ΔcrhRmutation. The ﬁrst cluster contained genes coding
for chaperonins, groES, groEL1 and groEL2, which were induced during
prolonged incubation of wild type cells at 24 °C, but strongly repressed
in the ΔcrhRmutant [26]. In cluster 2 and cluster 3, genes were equally
altered in their gene expression patterns between wild type and
ΔcrhR cells at 24 °C. Cluster 2 (shown in blue) represents genes of
phycobilisomes, which were strongly repressed in both wild type and
ΔcrhR mutant cells. Cluster 3 (shown in red) represents PSII and cyto-
chrome b6f genes, which were unaltered upon treatment at 24 °C in
both wild type and ΔcrhR mutant. The genes indicated by the * mark
are the PSI-related genes, which were strongly repressed in the ΔcrhR
mutant when compared to thewild type at low temperature, especially
psaA and psaB (Fig. 7). In cyanobacteria, PQ pool does not provide the
primary redox signal for the regulation of psaAB transcription, instead
oxidation of downstream components of the PQ pool regulates the
psaAB gene expression [22,24]. Low temperature-induced oxidation of
PQ pool due to decreased electronﬂow fromPSII and subsequent oxida-
tion of downstream components of PQ might have repressed the tran-
scription of psaAB genes in ΔcrhR cells at low temperature. Thus it is
clear from analysis of state transition and DNA microarray data that
lack of CrhR in the cells at low temperature leads to the oxidized PQ
Fig. 4. State transitions in the Synechocystis wild type and ΔcrhRmutant cells. (A) Wild type cells grown at 34 °C, (B) ΔcrhRmutant cells grown at 34 °C, (C) wild type cells that had
been grown at 34 °C for 16 h and then incubated at 24 °C for 72 h. (D) ΔcrhR mutant cells that had been grown at 34 °C for 16 h and then incubated at 24 °C for 72 h. Light pulse
4000 μmol photons m−2 s−1 was given to record Fm in state 1 and state 2. Upward and downward arrows indicate “on” and “off” of far-red illumination respectively. Actinic light of
37 μmol photons m−2 s−1 was applied to induce ﬂuorescence transient.
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the repression of PSI genes [22].
3.6. Changes in the psaAB transcript levels at low temperature were
conﬁrmed by Northern blotting analysis
Change in the expression of psaA and psaB genes under low tem-
perature in the ΔcrhR mutant was further examined by Northern
blotting analysis (Fig. 8). We used primers for speciﬁc ampliﬁcation
of a DNA fragment corresponding to the psaAB gene for the detectionFl
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Fig. 5. Chlorophyll a ﬂuorescence induction traces recorded using Synechocystiswild type
and ΔcrhR mutant cells. Fluorescence data are plotted against logarithmic time scales.
Fluorescence transients were recorded with the Handy PEA ﬂuorometer of Hansatech
Instruments, Ltd. (UK). Samples were adapted to darkness for 20 min before measure-
ments. Fluorescence excitation, λ=650 nm. ΔcrhR-24 °C cells exhibit S to M rise in the
ﬂuorescent transient, indicating the cells are in state 1.of psaAB mRNA. As observed in the DNA microarray analysis (Fig. 7),
the expression of the psaAB genes in wild type cells was initially
decreased during low temperature incubation and then recovered
back to the original level during prolonged incubation at 24 °C (Fig. 8).
In contrast, the psaAB genes in the ΔcrhR cells were signiﬁcantly re-
pressed and could not recover back to the original level during further
incubation at 24 °C (Fig. 8). The steady state level of mRNA is the result
of balance between the rate of transcription and the rate of degradation.
Therefore, the low temperature induced changes in the levels of psaAB
mRNA due to the mutation of crhR gene, could be related to changes
in the rate of transcription and/or changes in the stability of mRNA.
3.7. Decreased levels of psaAB mRNA at low temperature were unrelated
to post‐transcriptional control involving CrhR protein
To elucidate whether CrhR regulates the psaAB transcripts post-
transcriptionally at the level of mRNA stability, or due to the oxida-
tion of downstream electron carriers of the PQ pool signaling in ab-
sence of CrhR, we analyzed the decay kinetics of psaAB transcripts
in the presence of rifampicin, as an inhibitor of transcription. In this
experiment, wild type and ΔcrhR mutant cells, which were grown at
34 °C for 16 h, were incubated at 24 °C for 30 min, before the assay
of decay kinetics (Fig. 9). The stability of psaAB transcripts in wild
type and ΔcrhR cells after incubation of the cells at 24 °C for 30 min
was similar and equally stable at low temperature (Fig. 9), suggesting
that the repression of psaAB genes was not due to differential stability
of the transcripts of these genes. It seems likely that CrhR is not
involved in the post‐transcriptional regulation of psaAB gene expres-
sion. In the ΔcrhR-24 °C cells, the strong repression of PSI genes could
be due to the oxidation of downstream components of PQ pool, since
earlier studies have indicated that the redox state of the downstream
electron carriers of PQ pool is involved in the transcriptional regula-
tion of genes encoding PSI proteins [22,24]. Thus, it is inferred that
the strong repression of psaAB in absence of CrhR is due to the oxidized
electron transport carriers located downstream to the PQ pool, but not
due to post‐transcriptional control. The transient down regulation of
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downstream components of PQ pool, during acclimation to cold tem-
perature (Fig. 8). In contrast, in ΔcrhR cells the PQ pool and its down-
stream electron carriers get oxidized during the cold acclimation
phase, but did not revert back to a reduced state (Fig. 5) resulting in
continuous repression of psaAB genes, as a consequence ΔcrhR cells
failed to exhibit acclimative response (Figs. 5 and 8).
3.8. Effect of deletion of crhR gene on the relative levels of photosystem
complexes at low temperature
The observed effects of crhR deletion on photosynthetic character-
istics prompted us to investigate the changes in the levels of PSI and
PSII complexes by sucrose density gradient separation of solubilized
thylakoid membranes. Fractionation of solubilized thylakoid mem-
branes on sucrose density gradient resulted in three pigment fractions
(Fig. 10) namely the orange colored fraction on the top of sucrose den-
sity gradient (F1) comprising of free pigments, upper green fraction
(F2) enriched with PSII and PSI monomer mixture and lowest greenfraction (F3) containing PSI trimer [47]. To further characterize the pig-
ment protein complexes, the sucrose gradient fractions were excited at
436 nm in liquid nitrogen and the 77 K ﬂuorescence emission spectra
were recorded to assess the changes in the relative levels of PSII and
PSI. The level of F2 fraction was increased inWT-24 °C-cells when com-
pared to WT-34 °C cells (compare Fig. 10A and B). Comparison of 77 K
ﬂuorescence emission spectra of F2 between the WT-34 °C cells and
WT-24 °C cells indicated a rise in the F720 nm peak, thus suggesting
an increase in the PSImonomer content due to low temperature incuba-
tion in the wild type cells. This increase in F2 fraction could be due PSI
monomerization at low temperature. Monomerization of PSI trimer to
PSI monomer could be an adaptive response to low temperature
exhibited by the wild type cells. Sucrose density fractionation revealed
that in ΔcrhR cells upon shift to low temperature there was no signiﬁ-
cant difference in the levels of respective F2 fractions. However, the
77 K ﬂuorescence spectra of the F2 fraction ofΔcrhR-24 °C cells indicat-
ed signiﬁcant increase in the peak ratio of F720/F680 nm,which ismuch
higher than the ratio in WT-24 °C cells. This suggests that the mono-
meric PSI:total PSII ratio is higher in the mutant than in the wild type
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WT         ΔcrhR
∗
∗
∗
∗
∗
WT         ΔcrhR
Fig. 7. Cluster analysis of genes whose expression is altered by low temperature stress in wild type and in ΔcrhRmutant cells, incubated at 24 °C for 20, 60 and 180 min. For details
of low temperature treatment see Prakash et al. [26]. The complete list of gene expression in wild type and ΔcrhR mutant can be accessed at http://www.genome.jp/kegg-bin/
get_htext?htext=Exp_DB&hier=1. Hierarchical clustering was performed with Cluster 3.0. The resulting clusters were visualized with Tree view 1.60 (http://rana.lbl.gov/
EisenSoftware.htm). Shades of red represent increases and shades of green represent decreases in mRNA levels, relative to untreated cells, and the saturation of the color corre-
sponds to the magnitude of the differences, whereas the black color indicates an undetectable change in transcription levels. Cluster 1 represents genes upregulated in wild
type cells after prolonged incubation, while they are strongly repressed in the mutant initial phase of low temperature treatment and not upregulated during prolonged incubation.
Cluster 2 represents genes especially genes of phycobilisomes strongly repressed in both wild type and ΔcrhR cells during low temperature incubation. Cluster 3 represents some
PSII and cytochrome b6f complex genes with slightly down regulated or with unaltered gene expression. PSI genes, psaA, psaB psaK, psaD and psaC are indicated with * symbol.
These are relatively strongly repressed in the ΔcrhR mutant cells due to low temperature treatment.
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to a decrease in PSI/PSII ratio in cyanobacteria [48]. Thus an increased
PSI/PSII ratio might reﬂect the oxidized state of cytochrome b6 in the
ΔcrhR mutant. Overall, a signiﬁcant loss in the PSI trimer content was
observed in the ΔcrhR-24 °C cells when compared to the ΔcrhR-34 °C
cells, which is supported by 77 K ﬂuorescence emission spectra,
where a signiﬁcant decrease in the yield of F720 nmpeakwas observed
in the F3 fraction ofΔcrhR-24 °C cells (Fig. 10C andD). The loss in PSI tri-
mer content could be a consequence of down regulation of PSI reaction
center genes in the ΔcrhR cells at low temperature.4. Discussion
The gene coding for RNA helicase, crhR is constitutively expressed
under light. Incubation of cells with DBMIB induced crhR transcript
accumulation. Reduction of cytochrome b6f by cyclic electron ﬂow
does not induce the accumulation of crhR transcripts. This clearly sug-
gests that the PQ reduction is the signal for crhR gene expression [39].
We previously reported that the crhR gene expression is also up-
regulated and CrhR protein is accumulated when Synechocystis cells
are shifted to low temperature [26].ΔcrhRmutant cells exhibited no difference in the phenotype at op-
timal growth temperature when compared with wild type cells, but
when shifted to low temperature they showed a slow growth pheno-
type, reduced PSII activity, and changes in chlorophyll and phycocya-
nin contents (Figs. 1, 2A, B, C, D, and 3), suggesting an important
physiological function for CrhR protein during low temperature
acclimation. In the wild type cells, an increase in PSII activity is
reﬂected by an overall increase in chlorophyll content at low temper-
ature (Figs. 2 and 3). The increased oxygen evolution under low tem-
perature is due to a change in the PSI/PSII ratio [40]. Probably
Synechocystis cells alter the function of PSII to maintain functional co-
ordination between the photosystems at different growth temperatures
as an acclimative response. The molecular mechanism of acclimation,
which is responsible for changing the composition of the photosyn-
thetic apparatus, i.e., for decreasing the levels of PSI and increasing the
levels of PSII, in response to low temperature requires the presence of
CrhR. RNA helicase has been reported to unwind the stable secondary
structured RNAs and resume their translation at low temperature
[27,28,49]. Perhaps, CrhR is required for linearizing the secondary struc-
tured mRNA of redox-regulated genes, under conditions that effect
functional imbalance between photosynthetic complexes. Observed
physiological changes, such as loss in the photosynthetic electron
Fig. 10. Fractionation of the thylakoid protein complexes by ultracentrifugation on a
sucrose density gradient. (A) Thylakoid protein complexes of wild type cells grown at
34 °C for 16 h. (B)Wild type cells that had been grown at 34 °C for 16 h and then incubat-
ed at 24 °C for 72 h. (C) Thylakoid protein complexes of ΔcrhR cells grown at 34 °C for
16 h. (D) ΔcrhR cells that had been grown at 34 °C for 16 h and then incubated at 24 °C
for 72 h. Thylakoid membranes equivalent to 200 μg of protein was solubilized by mild
treatment with a detergent, dodecyl maltoside (detergent to chlorophyll ratio, 15:1)
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Fig. 8. Northern blotting analysis of the expression of the psaAB gene in wild type and
ΔcrhR cells. RNA was extracted from wild type and ΔcrhR cells that had been grown at
34 °C and then incubated at 24 °C for 30, 60, 180, 300 min. Aliquots (15 μg) of the
extractedRNAwere fractionated on a 1.2% agarose gel that contained 1.4 M formaldehyde.
A 1728-bp DNA fragment that included the psaA gene was ampliﬁed by PCR with primers
5′ CTT CGA CCG GAC TTT AGC TAGAGG 3′ and 5′AAG TGG AAG ATG ACG ACGGAA AGG 3′
was used as the probe. ●, Wild type cells; ○, ΔcrhR cells. For normalization, signals were
compared with signals due to the rnpB gene. Similar results were obtained in two inde-
pendent experiments, and the results of one of these experiments are shown here.
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plexes, which may have resulted from an inhibition of translation in
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Fig. 9. Changes in the stability of the psaAB transcripts due to the mutation of the crhR
gene. Levels of psaAB transcripts in wild type and ΔcrhR cells, after cells had been
grown at 34 °C and then incubated at 24 °C for 30 min. Rifampicin (100 μg/mL) was
added to cultures of low-temperature-stressed cells and then the cells were harvested
at various times for extraction of RNA. Signals detected with a luminescence image an-
alyzer were used for calculations of the relative abundance of psaAB transcripts and
these values are plotted on a logarithmic scale against the time after addition of rifam-
picin. Similar results were obtained in three independent experiments, and the data are
shown as means±S.D.
and then loaded onto sucrose step gradient. Fraction F1, free pigment; F2, PSII and PSI
monomers; F3, PSI trimers. Fractions were collected and used for 77 K ﬂuorescence spec-
tral analysis. 77 K emission spectrum is shown next to each fraction.In photosynthetic organisms, energy redistribution between photo-
system I and photosystem II complexes occurs as an adaptive response
to changing light intensities [50]. This crucial energy redistribution
between the photosystems is accomplished through the mobility of
phosphorylated LHCII in plants and PBS in cyanobacteria respectively
[14,46,51]. In addition, functional coordination between PSII and PSI is
maintained by optimization of photosystem stoichiometry, which in
turn is controlled by oligomerization of PSII and PSI complexes and regu-
lated by expression of genes coding for either photosystems [16,21,48].
The expression of the photosystem-related genes is in turn regulated by
redox signaling of electron carriers in the linear photosynthetic electron
transport chain [22,24,50]. Most of these studies have focused on the ad-
aptation of plants or cyanobacteria to changing light intensities. Here we
report for theﬁrst time that in addition to changing light intensities, ener-
gy redistribution between two photosystems is an adaptive response in
cyanobacteria exposed to low temperature and is dependent onCrhR. De-
letion of crhR gene, failed to operate the energy redistribution at low tem-
perature (Figs. 4 and 5). In addition loss of PSI content was observed as a
consequence of down regulation of genes coding for PSI reaction center
proteins due to themutation in crhR at low temperature (Figs. 7, 8 and 9).
In wild type cells exposed to low temperature, an increase in PQ
reduction is evident as a result of increased rate of electron transfer
from respiratory reductants and an enhanced rate of PSII activity
(Figs. 2D, 6B, F and 11A). The PQ pool is reduced by respiratory reduc-
tants (NDH complex) and photosynthetic electron transport from PSII
in cyanobacteria [19]. It has been reported that at low temperature
synthesis of cellular proteins is transiently inhibited [49]. Perhaps,
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Fig. 11. A scheme for role of RNA helicase, CrhR in photosynthetic acclimation at low temperature. (A) Most of the plastoquinones in the pool are kept under reduced state due to
enhanced electron supply from the respiratory NDH and PSII at low temperature, leading to reduction of downstream components of PQ pool. According to Herranen et al. and
Hsiao et al., reduced state of downstream components of PQ triggers and oxidation of the same represses the psaAB gene expression [22,23]. Thus, low temperature in wild type
cells due to over reduction of PQ pool and its downstream components activates the psaAB genes after acclimation. Reduced PQ is a signal for the inducible expression of crhR
and groESL genes [24,39]. RNA helicase (CrhR) unwinds the secondary structured RNAs and resumes the synthesis of photosystem complex proteins and transcripts of other
redox regulated genes such as groESLs. At low temperature, wild type cells are in state 2 (PQ reduced state). (B) ΔcrhR cells failed to exhibit low temperature induced state tran-
sitions and cells are locked in state 1 (PQ oxidized state). Most of the plastoquinones in the pool are in oxidized state due to decrease in the electron supply from respiratory NDH
and from PSII. This imbalance is probably due to the absence of CrhR which is supposed to resume low temperature affected translation of proteins of photosynthetic complexes.
Oxidized state of downstream components of PQ pool signals down regulation of PSI reaction center genes [22,24]. As a consequence, PSI content is reduced in the ΔcrhR cells at low
temperature. Arrows indicate electron transfer reactions and gene expression levels. The thickness of each arrow is an approximate indication of the rate of the corresponding re-
actions. Broken arrow indicates path of redox signal transduction for controlled expression of crhR, groESL and psaAB genes. The size of an oval shape is an approximate indication of
the levels of PSI and levels of oxidized or reduced plastoquinones. Dashed lines between the open reading frames indicate different locations of the genes on the genome of
Synechocystis.
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complex and decreased electron ﬂow from PSII complexes (Fig. 2D)
could have resulted in a decreased PQ reduction level. During this
phase, involvement of RNA helicase resumes translation of these pro-
teins leading to an increase in the electron ﬂow to PQ pool. Thus upon
shift of Synechocystis cells to low temperature, a transient change in
the PQ redox state, is an acclimative response. In absence of CrhR,
translation of proteins that mediate the reduction of the PQ pool
may be permanently inhibited keeping the cells in PQ oxidized state.Taken together the low temperature induced transcript changes
of the crhR gene as observed in our previous study and the low
temperature-induced PQ reduction from the current study, we sug-
gest that an increase in the reduction of the PQ pool, signals the in-
duced expression of crhR gene at low temperature (Figs. 6B and
11A). In contrast, in ΔcrhRmutant cells, deletion of crhR gene resulted
in reduced rate of electron ﬂow from respiratory reductants and PSII,
leading to the oxidized state of plastoquinone pool at low tempera-
ture (Fig. 11B). Thus it appears that crhR at low temperature is
1535K. Sireesha et al. / Biochimica et Biophysica Acta 1817 (2012) 1525–1536redox-regulated. This is in accordance with earlier studies, which had
also indicated that crhR is light and redox regulated [39]. Expressions
of all the low temperature-inducible genes are under the control of
two sensory kinases, Hik33 and Hik2, except the gene crhR thus im-
plying that crhR is not regulated via a two-component signal trans-
duction mechanism [25]. We suggest that crhR is regulated by redox
state of the plastoquinone involving an unknown yet to be discovered
pathway of signal transduction.
In our previous study we reported that the CrhR regulates the cold
inducible expression of heat shock genes, groESL1 and groEL2 [26].
Gene expression of groESL1 and groEL2 was reported to be regulated
by the redox state of the PQ pool in Synechocystis [24]. Addition of
DCMU results in an oxidized state of the PQ pool and down-
regulates the expression. In contrast addition of DBMIB results in a
reduced PQ pool leading to increased expression of a number of
(redox-regulated) genes including groESL1 and groEL2 [24]. However,
at low temperature, only groESL1 and groEL2were differentially regu-
lated between wild type and ΔcrhR cells [26]. Repression of these
genes during the initial period of low temperature incubation and
their upregulation at a later stage in the wild type cells, suggests a
transient oxidation of reduced-PQ pool during low temperature incu-
bation. In contrast, a strong repression of these genes in ΔcrhR cells
suggests the oxidation of the PQ pool at low temperature (Figs. 5
and 6).
CrhR unwinds the strong secondary structured mRNAs that are
formed due to decrease in temperature, thus in the absence of CrhR
some proteins cannot be expressed [27,28,49]. RNA helicase perhaps
facilitates the translation of redox-regulated mRNAs during low tem-
perature acclimation and thus helps to maintain functional coordina-
tion between PSII and PSI during acclimatization to low temperature.
In the absence of CrhR, the secondary structured mRNAs might not be
linearized, leading to inhibition of synthesis of proteins related to
these genes. This creates an imbalance between photosystems resulting
in an oxidized PQ pool (Fig. 11B). Thuswe suggest from our results that
CrhR is essentially required for photosynthetic acclimation under low
temperature.5. Conclusions
In summary, we report for the ﬁrst time that a cold-inducible and
redox-regulated RNA helicase, CrhR, is essential for low temperature
acclimation. Most likely, translation of RNAs related to photosynthetic
and respiratory electron transport is facilitated by CrhR. In the ab-
sence of CrhR cells were not able to adapt the photosynthetic machin-
ery to low temperature. In contrast Synechocystis wild type cells
acclimatize to low temperature by modifying excitation energy dis-
tribution between PSI and PSII (state transition), and by changing
PSI–PSII stoichiometry.Acknowledgements
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